The relative amount of HI histone associated with isolated nucleosomes from calf thymus was determined as a function of the extent of DNA digestion by micrococcal nuclease.
INTRODUCTION
During the past several years, physical and biochemical data have accumulated (1,2,3) substantiating earlier work which indicated chromatin is comprised of a repeating substructure (A,5). Nuclease digestion of chromatin from higher eukaryotes yields a series of nucleoprotein particles in which DNA fragments correspond to multiples of 180-200 base pairs (1, 6, 7) . DNA fragments of 140-150 base pairs represent the most nuclease-resistant portion of the repeating unit (7, 8) . It is generally thought that 140 base although its relative content is lower, and it is associated with a 180-200 base pair DNA fragment and not the 140 base pair core (10, 11, 19) . Thus it is considered that digestion of spacer-DNA releases HI hlstone (7) .
In the course of our work on chromatin structure, we have routinely observed HI his tone co-isolated with what appears to be 140-150 base pair nucleosomes. Since the distribution of HI histone and the nature of its attachment to the chromosomal material are important factors in chromosomal structure, we have examined the extent and mode of HI binding to isolated nucleosomes as a function of the amount of digestion with micrococcal nuclease and as a function of ionic strength.
MATERIALS AND METHODS (a) Preparation of Nuclei and Chromatin
Nuclei were obtained from frozen calf thymus. The tissue was disrupted in 100 ml of 0.25 M sucrose, 0.01 M Tris HC1, 0.01 M MgCl 2 and 0.05 M NaHSO , pH 6.5 by homogenizing with a Waring Blender. The homogenate was filtered through cheesecloth, followed by filtration through Miracloth to remove connective tissue and undisrupted thymus tissue. Nuclei were collected by centrifugation at 1,100 x g for 3 min. The nuclear pellet was suspended in the above buffer containing 1Z Triton X-100 and washed by homogenizing in a Potter-Elvejehm homogenizer. This washing procedure was repeated 3 times.
The final nuclear pellet was resuspended in buffer without NaHSO-and detergent and then resedlmented. Chromatin was prepared from purified nuclei as described previously (20) except the centrifugation through sucrose was omitted. Nucleohistone was obtained from the chromatin gel by shearing with a Virtis Model "45" homogenizer for 1 min at the maximum setting.
(b) Micrococcal Nuclease Digestion of Nuclei
Nuclei were suspended in 5 mM Tris-HCl (pH 7.9) , 0.5 mM Cad, and 5X sucrose 9
to a concentration of 0.5-1.0 x 10 nuclei/ml or approximately 3 mg DNA/ml. Micrococcal nuclease (Worthington Biochem. Corp.) was added to 150 units/ml or 50 units/mg chromatin DNA. Incubation was at 37°C for the desired time. The reaction was terminated and nuclei were lysed by the addition of EDTA to a final concentration of 5 mM and by placing the lysate in ice. The kinetics of chromatin digestion were followed by removing duplicate samples and diluting the sample 20-fold with cold 1M MaCl-1 M HC10,; the undigested material was allowed to precipitate in ice for 10 min before being pelleted by centrifugation at 12,000 xg for 10 min. The supernatant constituted the acid-soluble material, and was corrected for hyperchromicity. The corrected A,,, was divided by the starting A-,., units x 100 to obtain the percent digestion. In some cases, NaCl was incorporated into the gradient at either 0.3 M or 0.6 M. The preparative gradients were centrifuged in a Beckman SW 27 rotor at 25,000 rpm for 18-20 hr. Gradients were emptied by piercing the bottom and collecting drops to obtain 1-ml fractions. The maintenance of a pH at 6.5 and a low temperature are sufficient to retard endogenous protease activity during the preparation of nucleosomes from calf thymus nuclei, since no degradation was apparent in acrylamide gel electrophoresis of the histories.
(d) DNA Isolation and Analysis DNA was purified from digested nuclei by adjusting the solution to 0.5% sodium dodecyl sulfate. PronaseB (Cal Biochem), previously heat-treated for 10 min at 80°C, was added to a final concentration of 100 pg/ml, and the solution was incubated at room temperature forlhr. NaCIO was added to obtain a 1M solution, and an equal volume of chloroform-phenol (1:1) was used to extract the DNA. DNA was isolated from sucrose gradients by the method given above or by placing each fraction (1 ml) in dialysis tubing, adding lOOugof Pronase, and dialyzing the fractions against an excess of lmMEDTA-5 mM Tris, pH7. Electrophoresis was by standard methods using 9 cm acid-urea, polyacrylamlde gels (23) . The gels were stained with amido black, scanned at 600 nm, and the relative amount of HI histone (paper weight of HI/total weight of all histones) was determined as described previously (24) .
(f) Salt Extraction of HI Histone
The major binding forces of HI histone to DNA are ionic in nature, and HI can be selectively dissociated by salts in relatively low concentrations (26) . The efficiency of HI histone extraction by sodium chloride was compared for nuclease-chromatin and nucleohistone. Chroma tin in nuclei was solubilized by nuclease to 3-4JJ digestion; this aided In obtaining homogeneous preparations of chromatin and is defined as nuclease-chromatin (25) .
Equivalent amounts of nuclease-chromatin or nucleohistone were layered on 30 ml 15Z sucrose solutions containing 1 mM EDTA -10 mM cacodylate, pH 6.5 in the presence of varying amounts of NaCl. The chromatin was sedlmented by centrifugation at 130,000 x g for 20 hr (SW 27 rotor, 25,000 rpm, 4°C).
Less than 5% of the total A2^Q material loaded was recovered in the supernatant In all cases. Histones were extracted from the pellet, and the relative quantity of HI histone at a given salt concentration was determined as outlined above. in the preparation of nucleohistone, the chromatin had undergone extension during the gelling process and the formation of new sites for HI binding during the extension cannot be excluded.
Micrococcal Nuclease Digestion Products
The digestion products of chromatin treated with micrococcal nuclease have been well characterized and documented (6) (7) (8) (9) (10) (11) 16, 19) . Our results are . DNA size was determined as a function of percent acid-soluble DNA from micrococcal nuclease digests of nuclei. The DNA was purified and the fragments were sized on 3.5% and 51 polyacrylamide slab-gels using Hind II reaction products of <J)X-174 and \DNAs. The DNA populations were assigned an order based upon the smallest fragment, i.e., monomer.
DNA amounting to approximately 100 base pairs. One interpretation is that the higher chromatin oligomers undergo a more extensive digestion of the free ends, so that the terminal nucleosomes become degraded. This may be due to HI migration. HI histone may be released early on in the digestion and may migrate and bind to larger chromatin fragments to protect them from further nuclease action (see below). However, if we assume that nucleosomes larger than a dimer suffer comparable digestion from the ends then the difference between their plateau levels should give a measure of the repeat size. In this instance, it is 200 base pairs. Another explanation for the low plateau value is that there might be heterogeneity in spacer DNA length, and those sections of chromatin containing shorter spacer segments are more resistant to cleav-age and therefore selectively accumulate as digestion proceeds.
We find that the DNA repeat length for calf thymus chromatin is 200 base pairs. This result is derived from an analysis of subtracting the length of one repeat from the next highest repeat or from extrapolating to zero percent digestion; this is true for higher nucleosomal orders, e.g., trimer and tetramer. In agreement with Campton ejt a_l. (29) we find the repeat length revealed only in higher structure analysis. Thus, parity in the rate of digestion from the ends does not exist for all species. Indeed, digestion of spacer DNA from mononucleosomes proceeds with the greatest rapidity as other investigators have observed (7, 30) . 
Sucrose Density Gradient Fractionation of Nucleosomes
One can see the distribution of nucleosomes generated as a function of digestion by separating the reaction mixture on sucrose gradients. Figure 3 displays sedimentation analyses as a function of percent chromatin digested.
The sedimentation coefficients of the major components in the gradients were computed by a method similar to Noll (32) . It was found that S 2Q w values for monomer (11 S) dimer (16 S), etc. were in accordance with those found previously (15, 19) . By about 3Z digestion, the amount of monomer, dimer, and trimer are roughly equal. At 30Z digestion, almost all of the acidinsoluble material sediments at 11 S. Thereafter, the amount of monomer in the gradient decreases and subsequently accumulates as an aggregate that pellets under these conditions. The products of a micrococcal nuclease digestion of calf thymus nuclei were separated in sucrose gradients and pooled as shown in Figure 4 . Histones were acid-extracted from the four fractions, and the relative amount of each histone subtraction was determined. From identical gradients run in parallel, DNA was purified and analyzed for the size of DNA fragments which coisolated with the histones. In Fig. 4 -A, the nuclease-chromatin was sedi- Figure 4 . Sucrose gradient fractionation of micrococcal nuclease digested calf thymus nuclei (19% acid-soluble DNA). The digest (35 A ,. units) was sedimented through 30-ml, 7-30%Iinear sucrose gradients containing 1 mM Na EDTA, 5 Mm cacodylate-HCl, pH 6. 5 and no salt (Fig. 4-A) , 0. 3 M NaCl (Fig. 4-B) or 0. 6 M NaCl (Fig 4-C) . The histones and DNA fragments Isolated from the various fractions are shown above and below the absorbance profile respectively. Fraction A refers to pelleted material, and the total A , recovered in each pellet is 6. 0 for no salt, 11. 8 for 0. 3 M NaCl, and 4. 3 for 0. 6 M NaCl.
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At low ionic strength (Fig. 4-A) all 5 histones were found in every fraction except the acid-soluble region of the gradient, from which no histones were recovered. The amount of HI histone is reduced in the mononulceosome peak, but the other four histones are present in normal proportions.
The DNA size in the gradient corresponds to a normal distribution about the nucleosomal peaks with i»hich it would be expected to associate (6) ; so the separated particles appear to reflect accurately the size of the DNA. The mononucleosome region (fraction C) from which the histones were extracted contained only DNA that had an average length of 150 base pairs. Thus, we find some HI histone cosediments even with core mononucleosomes containing little or no spacer DNA. In addition, there are discrete smaller DNA size classes present in intact mononucleosomes isolated from such gradients. This DNA is analogous in size to DNA fragments derived from limit digests described by others (8) . In the low ionic strength medium, 17% of the A_^_ material sedimented as a pellet which would be expected to contain DNA greater than 1200 base pairs. Although not evident in the picture of Fig. 4 -A, a small amount of DNA of a size normally found in monomeric and oligomeric subunits was recovered in the pellet. The smallest DNA molecules from the pellet migrated in acrylamide gels as a duplex band in the monomer region which correlated with 145 and 180 base pair DNAs. We assume this DNA is similar to the doublet DNA which Noll (1) and other investigators have reported (11) .
Increasing the ionic strength to 0.3 M NaCl (Fig. 4-B distinctively smaller than the subunit repeat size (7, 8) and contains the same spectrum of DNA fragments remaining in the monomer part of the gradient (data not shown). It remains to be determined whether HI histone is migrating and crosslinking these particles at late stages of digestion, thereby selecting for nucleosomes lacking HI which as a result remain in the gradient.
The data in Figure 5 are not representative of the totaj. distribution of HI molecules since they are not normalized for the amount of chromosomal material in each fraction. Such an analysis indicates that HI histones are being released as a function of digestion. For example, at 92 digestion, the normalized amounts of total HI histone are 31Z-pellet, 55%-oligonucleosomes, and 7Z-mononucleosomes. On the other hand, at 30% digestion, HI histone is calculated to be present at 20%-pellet, 27X-oligonucleosomes, and 23%-mononucleosomes of the total amount. Therefore, it can be inferred that digestion to 9% acid-soluble DNA releases little or no HI, whereas digestion to 302 acid-soluble DNA releases 302 of HI to the supernatant.
The observation that the amount of HI coisolated with nucleosmal material in low ionic strength increases with the size of the particle and presumably with the molecular weight of the DNA suggests several possibilities:
(a) there might be regions on the chromosome that are enriched in HI and are afforded greater protection from nuclease action, (b) alternatively, HI histones may migrate to chromatin fragments containing relatively more spacer DNA, or (c) HI may serve to interconnect cleaved nucleosomal particles which would then cosediment as if they were a larger species. With regard to the later possibility of the crosslinking enrichment of HI, it seems improbable, for instance, from the data of Fig. 4 , that less than 52 crosslinked smaller fragments (Fig. 4-A) could enrich the 122 larger, less digested chromatin (Fig. 4-C) by 322 in its relative content of HI histone.
The Ionic Strength Dependence of HI Binding to Nucleosomal Species
A measure of the strength of binding of HI histone associated with nucleosomes at different degrees of digestion was determined in gradients containing 0.3 M NaCl which is close to the mid-point of HI dissociation for total nuclease-chromatin (Fig. 1) . The results are shown in Figure 6 . There are drastic changes in the amount of HI binding to different fractions in the presence of 0.3 M NaCl. This is particularly telling when compared to the quantities of HI bound at low ionic strength to the same components as seen in Fig. 5 . The relative frequency of HI histone in the pellet is now found to equal approximately its representation in total nuclease-chromatin. In oligonucleosomes, HI histone decreased from levels similar to that of the pellet (at early digestion times) to values close to that of mononucleosomes (at late digestion times).
In Figure 7 the DNA fragments of mononucleosomes isolated at different ionic strengths were sized on 5Z acrylamide slab gels. At 9% digestion, the average DNA length is 180 base pairs, proceeding to 150 base pairs at X9Z We have also analyzed binding of HI as a function of ionic strength to monosomes and oligomers lacking terminal spacer DNA. This was performed using a 13/J digestion, at which stage external spacer DNA is largely gone Nuclei were digested to 13Z acid-soluble DNA with mlcrococcal nuclease, and the components were isolated as described in the legend to Fig. 4 , except the salt concentration was varied. The relative amount of HI histone is expressed as a percentage of the same value determined for total nuclease chromatin. (Fig. 2) . The results of such an analysis are shown in Figure 8 in which we see that the monosomes bind HI less tightly than the oligomers. This presumably reflects the loss of the spacer DNA which is, in a proportional sense, almost as severe for di and trinucleosomes which make up the bulk of the oligomeric nucleosomes, as it is for the monosomes (see 30Z digestion, Fig. 6 ). As expected if this analysis is repeated upon chromatin fragments with the terminal spacer DNA intact (after very brief digestion) then the HI dissociation pattern more nearly resembles that of whole nuclease chromatin.
DISCUSSION
The results presented in the paper indicate that the strength of HI binding to chromosomal material depends upon the integrity of the intemucleosmal spacer DNA. As the spacer DNA is degraded by micrococcal nuclease the affinity of HI for the chromatin is decreased. However, at low Ionic strength, the nucleo8ome can still bind HI even when all the spacer DNA is digested, though the affinity of binding is significantly reduced compared to that of undigested material.
As digestion proceeds we see a redistribution of HI so that the mono- When chromatin gels are formed at low ionic strength, not only is HI bound more strongly than in briefly digested material, but the resulting nuclease digestion products are different from those obtained by digesting chromatin iii situ. One sees an additional DNA fragment (which is relatively more stable) whose size has been variously estimated at 160-200 base pairs (7, 8, 11) . This band-fragment can also be obtained by reconstitution experiments when histone HI and/or H5 is present (36) , and upon redigestion of isolated oligomers (7). We too find this dual population, e.g., a band at 140 base pairs progressing down from 200 base pairs, and a relatively stable band at 180 base pairs, if we digest chromatin gels or chromatin otherwise maintained in low ionic strength buffers for moderate to long times. Moreover, this process appears to be facilitated by mechanical shear. This distinct 180 base pair DNA band was found, albeit in very small amounts, in the material that pelleted at low ionic strength, which in this instance, we assume represents a background of chromatin from nuclei that lyzed during the reaction. We speculate that during the process of gel formation and chromatin extension, it is possible for HI histone, which is external to the nucleosome, to slide or migrate to reassociate along a greater stretch of the predominately naked spacer DNA. Thus owing to a molecular rearrangement of HI in extended chromatin, HI could protect with greater efficiency regions of DNA not normally accessible ^n_ vivo, and this could also increase the overall affinities between HI and DNA.
Assuming that there are eight non-Hl histones per nucleosome (7,9), we may calculate the average number of HI molecules found with nucleosomes at different stages of digestion and different ionic strengths. This is accomplished by using the relative amount of HI found in our experiments and the specific extinction coefficient known for HI (24) . At low ionic strength this value ranges from 1.3 HI molecules per 200 base pairs of DNA for oligomers early in the reaction to 0.8 HI molecules per 150 base pairs of DNA for monomers late in the digestion reaction. This suggests that even for limited fragments of nucleoprotein fibers, there are areas of HI enrichment.
Due to the faster rate of nuclease digestion (10, 19) and to the decreased sedimentation velocity of oligonucleosomes lacking HI histone (19 and Fig.   4 -C) one indicated role for HI is in packaging spacer DNA or at least in maintaining its condensed confromation. Models on chromatin structure have rarely tried to position HI with any accuracy in relation to nucleosomes or spacers. We may now ask whether HI molecules span the nucleosome to interact with spacer DNA on adjacent sides or do they lie on the spacer DNA and interact with adjacent nucleosomes. Although the data presented here would not distinguish between these models, other studies have led us to suggest that HI histone spans the nucleosome interacting with a part of spacer DNA on each side (34) . This model predicts that HI spans the nucleosome to attach to spacer DNA on adjacent sides at one site proximal to the nucleosome and at one site distal to the nucleosome. In this model, the highly conservative apolar region of HI (37) would be the portion of the molecule expected to interact with the nucleosome. This would be consistent with the preferential binding of HI to superhelical DNA (38) . Conversely, the short lysinerich, N-terminal end of HI (39) would be predicted to bind to the proximal DNA-spacer site while the long, lysine-rich, C-terminus (39) would be predicted to bind to the distal DNA-spacer site. The attachment of the first HI molecule could thus determine the attachment sites for the next HI his-tone. This arrangement of HI molecules along the chromatin fiber could potentially maintain spacer DNA in a compact form, as well as link together cleaved nucleosomes.
